As a first step in the synthesis and the study of DNA polyintercalating drugs, dimers of acridines have been prepared. Their DNA binding properties have been studied. It has been determined that wen the chain separating the two aromatic rings is longer than a critical distance, bisintercalation is actually observed and that the DNA binding affinity becomes quite large (>108-109 M-1). It is shown also that the optical characteristics of these molecules are dependent on the sequences of DNA. The fluorescence intensity of one of these dimers when bound to DNA varies as the fourth power of its A+T content. This derivative could be used as a fluorescent probe of DNA sequence.
A large variety of drugs are known to interact strongly with nucleic acids. Many bind specifically to double-stranded nucleic acids through intercalation between adjacent base pairs, as first described by Lerman (1) . To this class of compounds belong several antitumoral agents of clinical importance (actinomycin D, adriamycin, and daunomycin) as well as several drugs used in parasitic diseases (ethidium bromide, quinacrine, chloroquine, miracil D, etc.). These biological properties very probably result from the binding of the drugs to DNA. It is therefore of interest to try to design molecules that have the highest possible affinity for DNA when biological and pharmacological properties are sought. Such an attempt led us recently to a new antitumoral agent in the series of ellipticines (2, 3) . However, the DNA binding affinity of all these compounds to polynucleotides remains weak (105-107 M-1) when compared to the DNA affinity of the DNA-dependent RNA polymerase and of the repressor (1010-1013 M-1) (4) (5) (6) . It is therefore logical, in a search for compounds able to interfere with the biological functions of replication and transcription, to try to obtain molecules with DNA affinity of the same order of magnitude. As a consequence we began a research program following the principle that such affinities can be reached using polymers of intercalating molecules. The binding free energy of each subunit will add up provided that entropic factors are not too unfavorable and the resulting binding affinity will increase rapidly with the number of subunits. To test the feasibility of such an idea, acridine dimers of which the two aromatic rings are linked by chains of various lengths and structures have been prepared$. In this paper we report the main DNA binding characteristics of these compounds.
MATERIALS AND METHODS
The structure of the derivatives that have been studied here is shown in Fig. 1 . They have been synthetized according to procedures that have been described earlier*.
Calf thymus DNA was prepared in the laboratory according to Aubin et al. (7) . T7 and X phage DNAs were prepared from the purified phage solutions by three phenol extractions. DNAs of yeast mitochondria, crab poly[d(A-T)], Proteus mirabilis, phage T5, and herpes virus were gifts, respectively, from Drs. Guerineau, Bernardi, Festy, Jacquemin-Sablon, and Sheldrick. DNAs from Clostridium perfrftzgens and Micrococcus luteus were purchased from Sigma and further purified by phenol extraction.
Bacteriophage PM2 (strain from Dr. Espejo) and PM2 DNA, a covalently closed circular DNA (8) , were prepared in the laboratory as described (8, 9) .
Alternating poly[d(A-T)] and the Neurospora crassa endonuclease (EC 3.1.4.-) were obtained from Boehringer.
Calf thymus sonicated DNA was prepared as described (10) . In addition, to remove an eventual denatured DNA fraction, the sample was treated by the Neurospora crassa endonuclease [0.5 unit/ml as defined by Linn Fluorescence measurements were done with a photon counting spectrofluorometer built in this laboratory (13) at 20°.
Fluorescence decay times have been measured by the time correlated single photon counting technique (reviewed in ref. 14) with an instrument built in this laboratory.
The unwinding angle of the DNA helix caused by the binding of the different derivatives was measured with covalently-closed circular DNA from PM2 phage using viscosimetry (15) .
To measure the length increase of short DNA segments, the intrinsic viscosity of sonicated DNA in the presence of The maximum of the viscosity corresponds to the relaxed circle. The value of r at this point (re) is inversely proportional to the unwinding angle of the DNA helix caused by the added dye. For ethidium bromide, re is, under the same conditions, found equal to 0.047 (10) . Because the DNA unwinding angle of ethidium is 260 (22) , the unwinding angle caused by compounds I, IIA, IIB, and III are therefore, respectively, 170, 38°, 38°, and 170. The DNA unwinding angle found for the monomeric compound (I) is similar to that of other related acridine derivatives (10). + 2r) (Fig. 4) is less than double that of the monomer. Its value is compatible only with a monointercalation. Its higher value is probably the result of a rigidification of the DNA helix caused by the binding of the second aromatic ring on the outside of the DNA helix.
In order to determine the DNA binding affinity and the stoichiometry of the reaction, we have measured the fluorescence increment of the solution in the presence of poly[d(A-T)] for increasing concentrations of the dyes. Because, as it will be shown later, the fluorometric characteristics of the derivatives are dependent on the sequence of the DNA, the use of a homopolymer simplifies the interpretation. Furthermore, this methodology is convenient for making the measurements at very low concentrations, which are necessary when the affinities are large. The results are shown in Fig. 5 . The apparent complexity of the results is in relation to the multiplicity of the different forms in the bound state (Fig.  2) . For the three compounds, when the value of the ratio dye/DNA-P is below 0.1, the fluorescent titration curve is linear and one can compute the amount of bound dye in the Proc. Nat. Acad. Sci. USA 72 (1975) 11 
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same way as Le Pecq and Paoletti (16) because there is either no change (compound IIA) of the quantum yield of the fluorescence of the bound dye or a small change which can be determined from the measurements of fluorescence lifetime. In all cases we find that 100% of the dye is bound. When the ratio dye/DNA-P is above 0.1, the calculation can still be done for compound IIA since the fluorescence lifetime does not change. We find that in this case 100% of the dye is bound until the dye/DNA-P ratio reaches 0.2, after which no more binding is observed. For compounds IIB and III, the curvature of the titration curves observed after dye/ DNA-P > 0.1 results almost completely from a change of the quantum yield of fluorescence of the bound dye, as demonstrated by the parallel change of the decay time of fluorescence. We conclude, therefore, that in the three cases the stoichiometry of the binding is 1 dye molecule per 5 nucleotides and that no dissociation of the complex is observed. Therefore no binding constant can be determined. Nevertheless a minimum binding constant can be computed. If the Scatchard equation rnc = Kn -Kr (with r being the number of dye molecules bound per nucleotide, c the free dye concentration, n the number of sites per nucleotide, and K the association constant) is expressed as a function of Dt (the total dye concentration) and Pt (the total DNA concentration expressed in nucleotides), we get:
r2P, -r(P,n + D, + K-1) + nD, (Fig. 4) because the drop of viscosity after r = 0.13 is later on accompanied by a precipitation only observed here because of the high DNA concentration necessary to perform this experiment. Nevertheless from experiments now in progress (measurement of DNA length by electron microscopy) we believe that in this range only one of the two rings of the dimer is intercalated since the other becomes bound on the outside of the helix (equilibrium between forms I, II, and IV of Fig. 2 ). This would explain the observed stoichiometry of the reaction (n = 0.2), which corresponds to a monointercalation. This (17) , which is closely related. It is, therefore likely, that when such an acridine ring is intercalated at the contact of a G-C pair, its fluorescence is quenched. In the dimer, owing to resonance energy transfer, if only one of the two rings is at the contact of a G-C pair the fluorescence will be quenched. Therefore, it is expected that
Let us assume that the saturation of a given series of sites corresponds to n = 0.1. Then, when nPt = Dt, one can calculate from Eq. [2] that if Dt = K-' the fraction of occupied sites on DNA is r/n = 0.38, for Dt = K-' X 10, r/n = 0.73, and for Dt = K-' X 100, r/n = 0.90.
Because we cannot measure even 10% of free dye, it can be concluded that K-1 < Dt/100, and from the data of Under the same conditions the value of K-' for the monomer is found equal to 0.5 X 0-5 M. This means that the binding affinity in this range is at least 2000 to 3000 times higher for the dimer than for the monomer. In order to measure such a high binding constant it would be necessary to perform the measurements at a concentration of the order of 10-9 M. That would be possible in theory using fluorescence and photon counting. Attempts to make such measurements failed because at these low concentrations the adsorption of the dyes to the glass becomes a difficult problem to solve. From the viscosity data of Figs. 3 and 4 and from the fluorimetric titration of Fig. 5 it can be concluded:
(i) for compound III, only one of the two acridine rings is intercalated, and the interaction of the second ring with the outside of the DNA helix is responsible for the increase of the DNA affinity. The stoichiometry of the binding corresponds to n close to 0.2.
(ii) For compounds IIA and IIB, below r = 0.125, which represents the supposed intercalation limit for a dimer since the limit for a monomer is 0.25., the two rings are intercalated. This is clearly shown by the facts that the unwinding angle, the length increase of the DNA helix, is double that several adjacent A-T base pairs would be necessary to get no quenching of fluorescence. This is indeed observed, as shown in Fig. 6 (18, 19) , which proposes that two intercalated molecules have to be separated by at least two base pairs, would tend to support model one. Therefore, r = 4nD,P, [2] it is interesting to compare the length of the chain of the three dimers studied here to the minimal length needed to join two intercalated molecules in models I and II.
(i) Model I. A minimal length for the chain is of course the length along the DNA axis, 10.1 A. The actual length needed to join the two subunits is certainly longer and depends on the angle between the two rings and on the position of the axis of rotation of the dimer, which could well be different from the DNA axis.
(ii) Model II. In this case because the rotation between the two rings is small, the minimal distance is close to the length separating the two rings along the DNA axis, 6.7 A.
These two values can now be compared to the maximum length of the chain linking the acridine rings of the various dimers. These lengths can be computed (with C-C and C-N length being, respectively, 1.53 and 1.47 A and the nitrogen in the middle of the chain protonated) or derived from model building data. We found, respectively, for these compounds: IIA, 16.1 A; IIB, 11.2 A; and III, 9.9 A. The length of these chains is always compatible with model II, and according to this model we would expect that the three dimers could bisintercalate as well.
If model I is exclusive, compound III, which has the shortest chain, would not bisintercalate, in agreement with experiment. The compound with the longest chain would bisintercalate with no difficulty. The case of the compound with the chain of intermediate size is more difficult to decide. The length of the chain is critical, and even if it is difficult to build a model in agreement with model I, it is not possible to rule it out completely. Additional evidence on the relative positions of the chromophores are needed to conclude safely, but one cannot but be stricken by the fact that the removal of a single carbon is able to suppress the bisintercalation, as expected from model I.
The potential uses of such molecules are numerous. We would like to comment on a few of them. It containing the dye alone at the same concentration and measured under identical conditions. It is expressed as the number of impulses counted per 10 sec in the photon counting instrument and is the average of three determinations. The ratio dye/DNA-P is the ratio of the molar total dye concentration over the molar concentration of poly[d(A-T)J expressed in nucleotides. Curves A, B, and C refer, respectively, to the results obtained with compound III (short chain dimer), IIB (medium size chain dimer), and HA (long chain dimer). At this DNA concentration, the fluorescence increase and, therefore, the binding of the monomeric acridine derivative (III) is too small to be measured accurately. At Polyintercalating drugs will unwind the DNA helix much more than ordinary intercalating dyes. Because the binding affinity to supercoiled DNA is related to the size of this unwinding (20) , the specificity of these molecules for supercoiled DNA could become high.
Much progress has been made recently in the isolation of some pharmacological receptors. It is possible that some of them are made of dimeric or oligomeric proteins. It seems to us that it would be therefore of interest to study the properties of dimeric molecules made up of pharmacologically active compounds separated by chains of various length. Recently a new antibiotic, echynomycin, has been shown to bisintercalate in DNA (21) . This observation confirms the usefulness of this approach.
